Context: Previously we demonstrated that IGF1 receptor stimulating activity (IGF1RSA) offers advantages in diagnostic evaluation of adult GH deficiency (GHD). It is unknown whether IGF1RSA can be used to monitor GH therapy. Objective: To investigate the value of circulating IGF1RSA for monitoring GH therapy. Design/methods: 106 patients (54 m; 52 f) diagnosed with GHD were included; 22 were GH-naïve, 84 were already on GH treatment and discontinued therapy 4 weeks before baseline values were established. IGF1RSA was determined by the IGF1R kinase receptor activating assay, total IGF1 by immunoassay (Immulite). GH doses were titrated to achieve total IGF1 levels within the normal range. Results: After 12 months, total IGF1 and IGF1RSA increased significantly (total IGF1 from 8.1 (95% CI 7.3-8.9) to 14.9 (95% CI 13.5-16.4) nmol/l and IGF1RSA from 115 (95% CI 104-127) to 181 (95% CI 162-202) pmol/l). After 12 months, total IGF1 normalized in 81% of patients, IGF1RSA in 51% and remained below normal in more than 40% of patients in whom total IGF1 had normalized. Conclusions: During 12 months of GH treatment, changes in IGF1RSA did not parallel changes in total IGF1. Despite normalization of total IGF1, IGF1RSA remained subnormal in a considerable proportion of patients. At present our results have no short-term consequences for GH therapy of GHD patients. However, based on our findings we propose future studies to examine whether titrating GH dose against IGF1RSA results in a better clinical outcome than titrating against total IGF1.
Introduction
Growth hormone deficiency (GHD) in adults is characterized by perturbations in body composition, carbohydrate and lipid metabolism, bone mineral density, cardiovascular risk profile and quality of life (1, 2) . At present, diagnosis is made on the basis of one (or two) abnormal provocative tests (GH-releasing hormone (GHRH)-arginine test or insulin tolerance test) (3) . Although GH is considered to be the main regulator of circulating insulin-like growth factor 1 (IGF1), there is a significant overlap of IGF1 levels between healthy and GHD subjects. Up to half of all individuals with confirmed GHD have IGF1 levels within the low-normal age-dependent range (4, 5, 6) .
During GH therapy, GH dose is titrated against total IGF1 levels and the consensus guidelines advise that 'values should be kept within the age-related normal range' (3, 7) . Thus, the values of total IGF1 can be normal to begin with and yet that is the goal of treatment. Previous studies have shown that the relationship between serum IGF1 response during GH treatment and other treatment effects such as metabolic endpoints and body composition is poor (8, 9) . In addition, it has been reported that long-term monitoring of GH therapy by using age-and sex-adjusted normal serum total IGF1 values, might lead to different dose adjustments when different total IGF1 immunoassays are used (10) .
As almost all IGF1 in blood is bound with high affinity to IGF-binding proteins (IGFBPs) techniques have been developed to remove or inactivate IGFBPs to overcome assay interference (11) . However, many of the methods currently used for measuring circulating total IGF1 levels are hampered by interferences of IGFBPs that remain present after incomplete extraction (12) . In addition, by extracting IGFBPs, the modifying effects of these proteins on IGF1 action are systematically ignored. In 2003, a kinase receptor activation (KIRA) bioassay was developed by Chen et al. (13) that was able to measure circulating IGF1 receptor stimulating activity (IGF1RSA) at physiological conditions. The principle of this assay is based on quantification of IGF1R activation after stimulation with serum in vitro (13) . In this way, circulating IGF1RSA is quantified while taking into account the modifying effects of IGFBPs and IGFBP proteases on the interactions between IGF1 and the IGF1R. Previously, we demonstrated that circulating IGF1RSA offers advantages over total IGF1 in the diagnostic evaluation of adult GHD (6) . As such it can be hypothesized that the measurement of circulating IGF1RSA can also be used to monitor GH therapy. The aim of the present study was to investigate the value of circulating IGF1RSA for monitoring GH therapy.
Patients and methods

Study population
Our study population has been previously described in a report on IGF1RSA in GHD patients during GH treatment when we concluded that the circulating IGF1RSA might reflect different aspects of quality of life than total IGF1 in these subjects (14) . In short, 106 patients diagnosed with GHD by GH-provocative tests were included. Eighty-four patients were diagnosed as adult onset GHD (AO-GHD) and 22 as childhood onset GHD (CO-GHD). These 84 patients had already been treated with recombinant human GH, while 22 patients were GH-naïve. Four patients had isolated GHD, 11 patients had one additional pituitary hormone deficiency, 23 patients had two additional pituitary hormone deficiencies and 68 patients had had three or more additional pituitary hormone deficiencies.
For the diagnosis of GHD, patients with multiple pituitary hormone deficits had to have a serum GH peak below the cut-off value in one GH provocative test (arginine-GHRH test: GH peak !16.5 mg/l and insulin tolerance test: GH peak !5.0 mg/l) and patients with isolated GHD needed two abnormal outcomes in different GH provocative tests. Inclusion criteria were: i) age between 18 and 80 years, ii) written voluntary informed consent and iii) subjects using hormone replacement therapy for additional pituitary deficits had to be on an optimized treatment regimen for at least 3 months prior to inclusion. Exclusion criteria were: i) patients who had received certain types of therapies for other reasons such as radiotherapies, surgeries, chemo-or immunotherapies in the 3 months prior to study start. ii) Female patients who were pregnant or lactating, or who wanted to become pregnant within 1 year. iii) Subjects who, in the judgment of the investigators, were likely to be non-compliant or uncooperative during the study. From all subjects informed consent was obtained and the study was approved by the Medical Ethics Committee of Erasmus MC.
Study design
After inclusion, all 84 patients who had already been treated with recombinant human GH were asked to discontinue GH treatment for 4 weeks. All patients were studied at baseline and 12 months. The 84 patients were using different brands of recombinant human GH. After 4 weeks, baseline values were established and patients restarted their GH treatment. No patient was switched from one recombinant GH product to another. The 22 GH naïve patients were studied before starting GH therapy and 12 months thereafter. GH dose was adjusted targeting serum total IGF1 concentrations to the middle (Z-scoreZ0) of the normal age-related reference values for the healthy population (15) . The following laboratory assessments were conducted in the fasting state: circulating IGF1RSA, total IGF1, insulin, glucose, IGFBP1 and IGFBP3. Moreover, body weight, height and blood pressure were measured. Fat mass percentage was assessed by bioelectrical impedance (using an Omron Body Composition Monitor with a hand-to-hand method, Omron, Hoofddorp, The Netherlands). BMI and waist-to-hip ratio (WHR) were calculated. The updated homeostasis model assessment (HOMA-2) was used to assess insulin resistance (HOMA-IR) and beta cell function (HOMA-B) from pairs of fasting glucose and insulin levels (16) . Percentages of IGF1RSA over total IGF1 were calculated by dividing circulating IGF1RSA (nmol/l) by total IGF1 (nmol/l) and multiplying by 100. Duration of GHD was defined as the time that had elapsed since GHD diagnosis (confirmed by a GH provocative test) up to the date of inclusion in this study.
Blood measurements
The IGF1R KIRA assay has been previously described (13, 17) . Briefly, IGF1 binding to the IGF1R results in autophosphorylation of tyrosine residues located within the intracellular kinase domain, being the first step in the intracellular signaling cascade. The IGF1R KIRA assay uses a human embryonic kidney (HEK) cell line that is stably transfected with the human IGF1R gene (HEK IGF1R) and quantifies phosphorylation of tyrosine residues of the transfected IGF1R in vitro to assess circulating IGF1RSA. After 48 h of culture HEK IGF1R cells were stimulated for 15 min at 37 8C with increasing known amounts of human recombinant IGF1 (Invitrogen) in a range of 0.06-1.0 nmol/l and study serum samples. In addition, two control serum samples were tested on every plate to ensure optimal performance. Standards and serum samples were diluted in Krebs-Ringer bicarbonate buffer adjusted to pH 7.4 by CO 2 and supplemented with 0.1% human serum albumin (Octalbine; Octopharma, Lachen, Switzerland). After stimulation cells were lysed. Crude lysates were transferred to a sandwich assay. Wells were coated with a MAB directed against the IGF1R (MAD1; Novozymes-Gropep, Adelaide, SA, Australia) that was used as capture antibody in a concentration of 5.0 mg/ml. An europium labelled monoclonal anti-phosphotyrosine antibody (Eu-PY20; Perkin-Elmer Life Sciences, Groningen, The Netherlands) was used as a detection antibody in a concentration of 1.25 mg/ml. Contents were read in a time-resolved fluorometer (Victor2 multilabel counter; Perkin-Elmer Life Sciences). Assays were performed in 48 well plates (Corning Inc., Corning, NY, USA). For measurements of circulating IGF1RSA, an IGF1 standard, two internal control samples were included on each culture plate. Serum samples were diluted 1/10. All measurements were done in duplicate. The intra-assay and inter-assay coefficient of variations (CV) were below 15%.
Serum total IGF1, IGFBP3 and insulin were measured by a solid-phase, enzyme-labeled chemiluminescent immunometric assays (intraassay CV were 3.9, 4.4 and 3.3-5.5%, and interassay CV were 7.7, 6.6 and 4.1-7.3% respectively; Immulite 2000 supplied by Siemens Medical Solutions Diagnostics, Los Angeles, CA, USA).
Both circulating total IGF1 concentrations and IGF1RSA were compared with the age-specific normative range values for IGF1 that have been published before (17, 18) . For total IGF1 normal values have been established in serum samples collected from 1584 healthy individuals, neonates, infants, children, adolescents and adults up to the age of 88 years by an enzyme-labeled chemiluminescent immunometric assays (Immulite 2000). The normal ranges for IGF1RSA have been previously published by our group and have been determined by using the same IGF1R KIRA bioassay that was used in this study (17) . These normal values were established by measuring IGF1RSA in serum samples from healthy, nonfasting blood donors (total nZ427), whose ages ranged from 18 to 79 years (median: 44 years).
Both for circulating total IGF1 and IGF1RSA individual Z-scores were calculated using the following formula: Z-scoreZ(xKaverage x/S.D.) where x is the actual total IGF1 level or IGF1RSA, average x is the mean total IGF1 level or IGF1RSA at that age, and S.D. for the mean at that age. We also calculated the IGF1/IGFBP3 ratio, since the molar ratio between IGF1 and IGFBP3 has been suggested to reflect an estimate of tissue available IGF1 (19) .
Serum glucose, total cholesterol, LDL cholesterol and HDL cholesterol were determined with standard laboratory methods. Cholesterol parameters were only measured after 12 months GH treatment.
Statistical analysis
The clinical characteristics of the study population are presented as mean with ranges or S.E.M. The KolmogorovSmirnov test was used to test normality of variables (data were considered to be normally distributed when PO0.05). For data that did not meet the criteria for normality, logarithmic transformations were applied and are presented as geometric mean with ranges or 95% CI or if logarithmic transformation did not normalize data as median with interquartile range. A paired t-test or a Wilcoxon's signedrank test were used to test differences between baseline and 12 months of GH therapy. Age-adjusted Pearson's correlations were calculated between variables.
A P value of 0.05 or less was considered statistically significant. Data were analyzed using SPSS 21 for Windows (SPSS, Inc.).
GHD by a decreased GH response in provocative test, while this was 22% for circulating IGF1RSA.
At baseline, total IGF1 was positively correlated to circulating IGF1RSA (rZ0.44, P!0.001) and IGFBP3 (rZ0.70, P!0.001) and inversely related to IGFBP1 (rZK0.34, P%0.001). Circulating IGF1RSA was positively related to IGFBP3 (rZ0.35, P!0.001) and inversely related to IGFBP1 (rZK0.23, PZ0.02). The IGF1/IGFBP3 ratio at baseline was 0.07 (0.03-0.18) (mean (range)). At baseline circulating IGF1RSA was positively related to the total IGF1/IGFBP3 ratio (rZ0.21, PZ0.04).
Changes in IGF1 parameters after 12 months of GH therapy
The right column of Table 1 shows the changes in IGF1 parameters. Total IGF1 increased from 8.1 nmol/l (95% CI 7.3-8.9) at baseline to 14.9 nmol/l (95% CI 13.5-16.4) at 12 months (P!0.001) (C83%). Circulating IGF1RSA increased from 115 pmol/l (95% CI 103-127) to 183 pmol/l (95% CI 164-204) (P!0.001) after 12 months (C50%). The ratio of circulating IGF1RSA over total IGF1 The percentage of patients with total IGF1 levels within the normal range increased from 38 to 81% (Fig. 1) . For circulating IGF1RSA, this percentage increased from 22 to 51% (Fig. 1) . Circulating IGF1RSA remained below normal in 43% of patients in whom total IGF1 had normalized. At 12 months the mean GH dose was 0.20 mg/day (range: 0.05-2.1). Patients in whom total IGF1 had normalized used lower doses of GH compared to those in whom it had not normalized (0.19 compared to 0.28 mg/day, PZ0.02). These patients with a normal total IGF1 after 1 year also had higher IGFBP3 levels (4.2 mg/l vs 3.4 mg/l, PZ0.001) and circulating IGF1RSA (202 pmol/l vs 113 pmol/l, P%0.001). At 12 months the difference between these two groups in IGFBP1 levels just missed statistical significance (15.5 mg/l vs 27.2 mg/l, PZ0.07).
The mean GH dose between patients in whom circulating IGF1RSA had normalized compared to those in whom it remained subnormal did not differ (0.22 mg/day vs 0.19 mg/day, PZ0.21). Patients in whom circulating IGF1RSA had normalized, had significantly higher total IGF1 levels (17.7 nmol/l vs 12.6 nmol/l, P!0.001) and higher IGFBP3 levels (4.3 mg/l vs 3.8 mg/l, PZ0.04). In contrast, IGFBP1 levels were similar (0.15 mg/l vs 0.17 mg/l, PZ0.65) compared to those in whom circulating IGF1RSA had not normalized.
After 12 months GH treatment, total IGF1 was positively correlated to circulating IGF1RSA (rZ0.44, P%0.001) and IGFBP3 (rZ0.50, P!0.001) and inversely correlated to IGFBP1 (rZK0.20, PZ0.05). There was no relationship between total IGF1 and GH dose (rZ0. 13, PZ0.20) and between circulating IGF1RSA and GH dose (rZ0.11, PZ0.30). At 12 months, circulating IGF1RSA was positively correlated to IGFBP3 (rZ0.23, PZ0.03) and negatively correlated with IGFBP1 (rZK0.22, PZ0.04). After 12 months GH treatment circulating IGF1RSA was positively related to the total IGF1/IGFBP3 ratio (rZ0.37, PZ0.001).
Changes in clinical parameters after 12 months of GH therapy
The right column of Table 1 shows the changes in clinical parameters. After 12 months of GH therapy, the percentage of fat mass, waist circumference and the WHR decreased significantly. In addition, after 12 months of GH treatment, systolic and diastolic blood pressure increased significantly. Also glucose and insulin levels as well as IR significantly increased, while beta function did not change. Table 2 shows age-adjusted interrelationships between IGF1 parameters and several metabolic parameters after 12 months of GH treatment. Total IGF1 was inversely correlated to percentage of fat mass percentage (rZK0.23, PZ0.03), but not to other parameters (Table 2) . Circulating IGF1RSA was inversely correlated to glucose levels (rZK0.27, PZ0.01) but not to other parameters (Table 2) . There were no differences in metabolic parameters between patients in who total IGF1 or circulating IGF1RSA had normalized compared to those in whom it had not.
Discussion
The most striking finding in our present study was that during 12 months of GH treatment, changes in circulating IGF1RSA did not parallel changes in total IGF1. Interestingly, IGF1RSA remained subnormal despite normalization of total IGF1 in a considerable proportion of patients. Moreover, the percentage increase of the IGF1/IGFBP3 ratio, which has been suggested to reflect an estimate of tissue available IGF1, was almost similar to the reported increase of IGF1RSA after GH treatment.
The question arises why changes in circulating IGF1RSA did not parallel changes in total IGF1.
Previously, we showed that 70-75% of the variation of circulating IGF1RSA in a healthy population could not be explained by levels of total IGF1 (17) . In the present study, about 78% of the variation of circulating IGF1RSA could not be explained by levels of total IGF1, demonstrating that circulating IGF1RSA was highly independent of total IGF1 in our study population. In addition, several studies have shown that the KIRA is more sensitive than total percentage increased to 81% for total IGF1, while for circulating IGF1RSA it increased to 51%.
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IGF1 immunoassays to detect differences in clinical states
and to monitor changes of the IGF system during therapeutic interventions (20, 21, 22, 23, 24) . The IGF1 KIRA seems at least theoretically advantageous in biological relevance, since in contrast to the immunnoassays used to measure circulating total IGF1 levels, the IGF1 KIRA assay result is influenced by modifying effects of circulating IGFBPs and IGFBP proteases on the interactions between IGF1 and the IGF1R (13). In contrast, by extracting all IGFBPs prior to the measurement, total IGF1 immunoassays completely mask potentially modulating effects of IGFBPs on the interactions between IGF1 and the IGF1R. Thus, the IGF1 KIRA assay produces basically other information about the circulating IGF1 system than obtained by total IGF immunoassays. Nevertheless, when measuring IGF1RSA by the KIRA assay one should keep in mind that outcomes are plotted against a universal background, namely an artificially IGF1R transfected cell system (25) . With the KIRA it cannot be assessed whether activation of the (endogenous) IGF1R results in a balanced metabolic and mitogenic stimulating activity at cellular level in vivo. In addition, IGF1R activation at the local level in tissues is determined by a number of factors and not just by GH and/or circulating IGF1RSA (26) . So one of the limitations of the KIRA is that it cannot provide information to what extent the ability of serum to activate IGF1Rs in vitro is indeed translated into biological responses of cells in vivo. In addition, an extra complicating factor in this respect may be that IGF1R and insulin receptors substantially may heterodimerize in vivo. Although in vitro these heterodimers act like an IGF1R, the exact physiologic role of heterodimers in vivo is presently unknown.
In untreated GHD, the amount of proteolyzed IGFBP3, the main circulating IGFBP, is not increased to maintain a reasonably high fraction of biologically active IGF1 (12, 27) . Thus, in untreated GHD, the GH-IGF axis appears to be not able to compensate for the diminished IGF1 secretion. As a result of this, the amount of bioactive IGF1 remains significantly reduced (12, 27) . In addition, in support of our findings, it has been reported that during treatment of GHD patients with GH, IGFBP3 proteolysis did not change significantly, suggesting that GH treatment has no major impact on IGFBP3 protease activity (27, 28) .
In our study, the failure to normalize circulating IGF1RSA despite an increase in total IGF1 may be further related to the fact that GH doses were primarily titrated against circulating total IGF1 concentrations without taking into account changes in circulating IGF1RSA. Although normalization of the total IGF1 levels is considered to be the cornerstone for biochemical outcome of GH therapy in GHD, cross comparisons of the various commercially available total IGF1 assays show different performance characteristics especially when concentrations are measured during GH therapy (10). Anckaert et al. (10) demonstrated that long-term monitoring of GH therapy using serum total IGF1 values as outcome parameter lead to a different clinical interpretation and GH dose adjustments when different IGF1 immunoassays were used. Thus, it could be that the age-specific normative range values of the total IGF1 assay that was used in our study was inadequate and of poor quality. Moreover, Quarmby et al. (29) have suggested that assays calibrated against WHO IRR 87/518 report total IGF1 concentrations that are in excess of actual values, and that IGF1 concentration data based on assays calibrated against WHO IRR 87/518 (like the Immulite assay used in our study), are of questionable accuracy. Thus it could be that the effect of GH treatment on circulating total IGF1 concentrations in our study may have been (systematically) overestimated, accounting for another explanation for the observed discrepancy between total IGF1 and circulating IGF1RSA in our study. When this is indeed the case, it could be that there was a relative undertreatment of the GHD subjects with GH in our study.
On present evidence serum total IGF1 should be primarily regarded as a safety marker rather than a specific therapeutic marker (30) . Our study did not clearly demonstrate that monitoring GHD subjects by measuring circulating IGF1RSA has greater physiological or clinical relevance than the traditional measurement of immunoreactive total IGF1. Total IGF1 levels were inversely related to the amount of body fat. Although we did not further study this, it is possible that the inverse relationship between IGF1 and fat mass is partly related to changes in IGFBP3 which has been shown to suppress fat cell differentiation (31) . We further observed an inverse relationship between IGF1RSA and glucose levels, which fits with the well-known glucose lowering effects of IGF1 (32) . Circulating IGF1RSA did not correlate with other relevant parameters of clinical outcome of GH therapy such as body composition and lipid profiles. However, one should realize that the GH dosing was not based on the results of circulating IGF1RSA but on circulating total IGF1 levels only. Furthermore, a limitation of our study was that 84 patients were not GH naïve but discontinued GH therapy for 4 weeks to obtain 'proxy' baseline values. This may have biased outcome and may have played a role in the lack of a relationship between body composition and lipids. On the other hand, the lack of a significant relationship between IGF1 and lipid profiles was not unexpected. Although GHD is associated with increased cholesterol levels which tend to normalize during GH replacement therapy, several observations indicate that direct actions of GH on the GH-receptor are more important for the regulation of plasma lipoprotein metabolism than IGF1 (25) . Moreover, conflicting results on serum cholesterol during IGF1 treatment have been reported in patients with GH insensitivity syndrome (Laron dwarfism), including unchanged serum cholesterol (26, 30) . Nevertheless, in order to answer the question whether circulating IGF1RSA could be a valuable tool to monitor GH therapy in GHD patients and whether titrating GH dose against circulating IGF1RSA results in a better (metabolic) clinical outcome than titrating against total IGF1 concentrations, prospective studies should be performed in which GH naïve subjects are randomized to GH dose titrated against circulating IGF1RSA vs GH dose titrated against total IGF1 concentrations. Such studies would be of great interest especially since we recently showed that circulating IGF1RSA in GHD patients is a better marker, compared to total IGF1, for some aspects of quality of life, indicating that circulating IGF1RSA better reflects IGF1-mediated actions than total IGF1 (14) .
In conclusion, our study shows that there is discrepancy between the outcomes of the traditional measurement of total IGF1 and the IGF1R KIRA assay. During 12 months of GH treatment of GHD patients, changes in circulating IGF1RSA did not parallel changes in total IGF1. Despite normalization of total IGF1, circulating IGF1RSA remained subnormal in a considerable proportion of patients. Although at present our results have no immediate consequences for dosing GH therapy of GHD patients in clinical practice. Based on our findings, we propose future studies in GHD to examine whether titrating GH dose against circulating IGF1RSA results in a better clinical outcome than titrating against total IGF1.
